Formaldehyde (FA) is present in all invertebrate and vertebrate cells[@b1][@b2]. Using fluorescence-HPLC, we have previously shown that levels of normal physiological brain formaldehyde are about 0.2 \~ 0.4 mM, similar to levels determined by other groups using gas chromatography/mass spectrometry[@b3][@b4]. Enzymatic degradation of formaldehyde is mainly regulated by alcohol dehydrogenase 3 (ADH3) and aldehyde dehydrogenase 2 (ALDH2)[@b5]. ADH3 (also known as formaldehyde dehydrogenase, FDH[@b6]), is distributed in the hippocampus and cortex, and helps to defend the brain against neurodegenerative processes[@b6]. ADH3-knockout mice are sensitive to formaldehyde toxicity[@b7], and only less than 20% of these mice can survive after postnatal day 6[@b8]. Moreover, knockout of ALDH2 also induces age-dependent memory loss in mice[@b9]. In our previous study, inhibition of ADH3 or ALDH2 activity results in hippocampal formaldehyde accumulation and cognitive impairments in rats[@b10]. However, over-expression of *S*-nitrosoglutathione reductase (GSNOR, a mammalian homolog of ADH3 that accelerates the degradation of formaldehyde[@b11]) in *Drosophila* markedly induces visual memory loss[@b12]. These data indicate that either an abnormal excess or a deficiency of endogenous formaldehyde leads to memory impairments.

However, under physiological condition, endogenous formaldehyde participates in DNA demethylation and methylation cycle. Recent studies have shown that DNA demethylation leads to the release of formaldehyde (as a methyl moiety) or methanol[@b13] (methanol is reversibly transformed into formaldehyde by ADH1[@b5]). In addition, S-adenosylmethionine-dependent DNMTs catalyze reversible covalent addition of exogenous aliphatic aldehydes (for instance formaldehyde) to their target residues in DNA[@b14], because DNA-5-methyl-cytosine is the product between formaldehyde and DNA-cytosine (methyl group acceptor)[@b2]. Emerging evidence has shown that external stimuli (electroconvulsive stimulation), not only elicit initial transient DNA demethylation then re-methylation of memory-related genes[@b15], but also induce initial global DNA demethylation and re-methylation in the hippocampus[@b16]. That is, DNA methylation (regulated by DNA methyltransferases, DNMTs[@b17]), is a critical step in neuro-epigenetic memory formation and remote memory maintenance[@b18][@b19]. These diverse lines of evidence strongly suggest a possible link between endogenous formaldehyde and memory-related DNA methylation status.

Accumulating evidence has shown that environmental pollutions, diet, aging, and genetic factors can induce endogenous formaldehyde accumulation[@b10]. Both exogenous and endogenous excess formaldehyde can induce animal and human cognitive impairments[@b20][@b21][@b22][@b23], especially in Alzheimer\'s disease (AD) transgenic mice and AD patients[@b10]. Recent studies have identified that DNA methylation plays a critical role in memory formation[@b18][@b19]. However, DNMT activity and global DNA methylation are obviously decreased in brains of rats during aging[@b24]. Moreover, global DNA methylation decline has been observed in autopsy brain samples from AD patients[@b25]. Although we have demonstrated that chronic excess formaldehyde induces cognitive deficits in rats[@b10], the relationship between the excess formaldehyde-memory deficits and global DNA methylation decline during aging has not been clarified.

Results
=======

Changes in global DNA methylation status and formaldehyde levels during LTP formation
-------------------------------------------------------------------------------------

First, we investigated how external stimuli induces the dynamic changes in global DNA status and formaldehyde concentration. To explore the relationship between the elevated hippocampal formaldehyde levels and the intensity of external stimulation, an increase in the number of electrical stimuli trains or duration of spatial training were applied in this study. In anesthetized normal adult male SD rats, three trains of HFS (Three-HFS) treatments induced higher amplitudes of fEPSP than a single HFS treatment ([Fig. 1A, 1D](#f1){ref-type="fig"}) and were associated with a higher elevation in formaldehyde level (\~0.08 mM) than that of a single HFS treatment (\~0.06 mM) after electrical stimuli 5 minutes ([Fig. 1B, 1E](#f1){ref-type="fig"}). Markedly, three-HFS treatments induced a higher degree of global DNA demethylation (\~3%, similar to previous report[@b16]) and formaldheyde generation (\~0.08 mM) than a single HFS treatment after electrical stimuli 5 minutes ([Fig. 1C, 1F](#f1){ref-type="fig"}). This result indicates that electrical stimuli induce initial global DNA demethylation and subsequent re-methylation associated with formaldheyde elevation then decline to baseline level.

Changes in global DNA methylation status and formaldehyde levels during spatial memory formation
------------------------------------------------------------------------------------------------

By varying the duration of training in the Morris water maze, we observed whether spatial memory was formatted in rats. We did not observe that spatial training for one day induces the changes in global DNA methylation and hippocampal formaldehyde ([Fig. 2A--2C](#f2){ref-type="fig"}). However, spatial training for 3 days obviously elicited global DNA demethylation associated with an elevation in hippocampal formaldehyde concentration (\~0.03 mM) on day 3, and a validate spatial memory formation on day 4 ([Fig. 2A, 2D--2E](#f2){ref-type="fig"}). Furthermore, spatial training for 6 days resulted in an obvious global DNA demethylation associated with an elevation in hippocampal formaldehyde concentration (\~0.08 mM) on day 6, and a stable spatial memory formation associated with global DNA re-methylation on day 7 ([Fig. 2A, 2G--2H](#f2){ref-type="fig"}). These results demonstrate that learning activity also induces a dynamic change in global DNA methylatin status and formaldheyde level as well as LTP formation .

Scavenging the elevated formaldehyde impairs LTP and spatial memory in rats
---------------------------------------------------------------------------

To explore whether this elevated formaldehyde (\~0.08 mM) is indispensable for memory formation, a formaldehyde scavenger-formaldehyde dehydrogenase (FDH, a specific formaldehyde-degrading enzyme[@b26]) was used in this study. After high frequency stimulation (HFS, 100 Hz), we observed an elevation in hippocampal formaldehyde level (: 0.06 mM), however, this elevation was suppressed in rats injected with FDH (i.c.v.). Injection with FDH also markedly impaired hippocampal LTP formation ([Fig. 3A, 3B](#f3){ref-type="fig"}). Notably, FDH injection did not inhibit initial global DNA demethylation, but abolished subsequent global DNA re-methylation after HFS treatment 60 min ([Fig. 3C](#f3){ref-type="fig"}).

Furthermore, intrahippocampal injection with FDH markedly not only impaired the ability of spatial learning on day 3, 4, 5, and 6, but also damaged the ability of memory retrieval on day 7 ([Fig. 3D, 3E](#f3){ref-type="fig"}). Similarly, FDH injection did not inhibit the initial global DNA demethylation on day 6, but abolished global DNA re-methylation on day 7 ([Fig. 3F](#f3){ref-type="fig"}). This suggests that the elevated formaldehyde may contribute to subsequent DNA re-methylation, and the deficiency of DNA re-methylation impairs spatial memory.

Blocking DNA re-methylation impairs LTP and spatial memory in rats
------------------------------------------------------------------

To further confirm whether inhibition of DNA re-methylation leads to spatial memory deficits, 5-aza-2-deoxycytidine (5-AzA, a DNA demethylating agent by inhibiting DNMT activity[@b27][@b28]), was used in this study. We found that injection with 5-AzA (i.c.v.) markedly suppressed hippocampal LTP formation ([Fig. 4A](#f4){ref-type="fig"}). Notably, 5-AzA injection enhanced transient global DNA demethylation and formaldehyde accumulation after HFS treatment 5 min ([Fig. 4B](#f4){ref-type="fig"}), and reduced global DNA re-methylation after HFS treatment 60 min ([Fig. 4C](#f4){ref-type="fig"}). Furthermore, intrahippocampal injection with 5-AzA not only impaired the ability of spatial learning on day 3, 4, 5, and 6, but also damaged the ability of memory retrieval on day 7 ([Fig. 4D, 4E](#f4){ref-type="fig"}). Similarly, 5-AzA enhanced global DNA demethylation on day 6, and obviously reduced global DNA re-methylation on day 7 ([Fig. 4F](#f4){ref-type="fig"}). This result also indicates that blocking DNA re-methylation leads to memory deficits.

DNA demethylation elicits formaldehyde generation in the dividing cells and post-mitotic neurons
------------------------------------------------------------------------------------------------

### 1) External stimulation induces DNA demethylation in vitro and in vivo

Previous studies have shown that neuronal activity induced by electroconvulsive stimulation, and NMDA receptor-mediated synaptic activity, can trigger DNA demethylation[@b15][@b16][@b29]. Furthermore, treatment with NMDA-receptor antagonist APV (DL-2-amino-5-phosphonovaleric acid) or Ca^2+^ chelator BAPTA (1,2-bis- (o-aminophenoxy)-ethane-N,N,N′,N′-tetraacetic acid) is known to inhibit DNA demethylation[@b29][@b30]. These data imply that activation of the NMDA-receptor-Ca^2+^-pathway is necessary for external stimulation-induced DNA demethylation ([Fig. 5A](#f5){ref-type="fig"}). To verify this hypothesis, we used NMDA (an excitatory neurotransmitter) to treat the cultured hippocampal neurons for 30, 60 and 180 minutes, respectively. There was an obvious time-dependently elevation in formaldehyde concentration in media of cultures, and BAPTA markedly reduced formaldehyde accumulation *in vitro* ([Fig. 5B](#f5){ref-type="fig"}). After HFS (200 Hz) stimulation, there was a significant decrease (about 2.5%) in global DNA methylation (DNA demethylaiton); BAPTA treatment obviously blocked HFS-induced global DNA demethylation in hippocampus of the normal SD rats ([Fig. 5C](#f5){ref-type="fig"}). *In vivo* study, global DNA demethylation induced by external stimuli (WFS, HFS, Three-HFS) or spatial training was positively correlated (R = 0.930) with formaldehyde generation in hippocampus of the SD rats ([Fig. 5D](#f5){ref-type="fig"}).

### 2) DNA demethylating agent induces DNA demethylation in human SY5Y cell lines

As mentioned above, that 5-AzA induced global DNA demethylation associated with hippocampal formaldehyde accumulation *in vivo* has been observed ([Fig. 4B](#f4){ref-type="fig"}). To provide the direct evidence that DNA demethylation elicits formaldehyde generation, the authorized passive demethylating agent ([Fig. 5E](#f5){ref-type="fig"}), 5-AzA, was applied in post-mitotic neurons (hippocampal neurons) and the dividing cells (Human SY5Y cell lines) *in vitro*. We found that 5-AzA treatment induced a time-dependent elevation in formaldehyde concentrations in the cultured medium of hippocampal neurons ([Fig. 5F](#f5){ref-type="fig"}), and a dose-dependent elevation in formaldehyde levels in hippocampus by inhibiting DNMT activity *in vivo* ([Fig. 5G, 5H](#f5){ref-type="fig"}). Similarly, 5-AzA treatment for several hours also resulted in a time-dependent elevation in formaldehyde concentrations, and a decrease in global DNA methylation by inhibiting DNMT activity in the cultured SY5Y cell lines ([Fig. 5I--5K](#f5){ref-type="fig"}). Global DNA methylation levels affected by 5-AzA were negatively correlated (R = 0.978) with formaldehyde generation in hippocampus. The data provide evidence that DNA demethylation induces formaldehyde generation[@b13][@b31].

Aging-associated with excess formaldehyde induces spatial memory decline
------------------------------------------------------------------------

### 1) Aging induces excess formaldehyde accumulation in hippocampus

Age-related excess hippocampal formaldehyde accumulation has been observed in our previous study[@b10]. Then, to explore the relationship between global DNA methylation and formaldehyde accumulation during aging, the normal SD rats with 2, 16, and 32-months old were employed. We found that global DNA methylation levels were gradually decreased in the SD rats during aging ([Fig. 6A](#f6){ref-type="fig"}). Hippocampal formaldehyde concentrations were significantly elevated to the pathological level (\~0.5 mM) in the aged rats ([Fig. 6B](#f6){ref-type="fig"}). This suggests that excess formaldehyde is associated with global DNA methylation decline (DNA demethylation) in hippocampus during aging.

### 2) Excess formaldehyde blocks DNA methylation by inhibiting DNMT activity

Then, we investigated how excess formaldehyde induces global DNA methylation decline during aging. Since inhibition of DNMT activity by 5-AzA induced formaldehyde generation, this suggests that the decrease in DNMT activity may be the cause of global DNA methylation decline during aging. Therefore, we examined whether formaldehyde regulates DNMT activity *in vitro* and *in vivo*. Administration of 0.5 mM formaldehyde (i.c.v.) markedly inhibited DNMT activity in the hippocampus *in vivo.* Excess formaldehyde (0.5 mM) treatment obviously inhibited DNMT activity in cultured hippocampal neurons ([Fig. 6C, 6D](#f6){ref-type="fig"}). Approximately, 0.08 mM formaldehyde markedly increased the DNMT activity of cultured hippocampal neurons and hippocampus *in vivo* ([Fig. 6C, 6D](#f6){ref-type="fig"}). These results indicate that \~0.08 mM formaldehyde enhances DNMT activity; but, age-related excess formaldehyde inhibits DNMT activity.

### 3) Intrahippocampal injection with excess formaldheyde induces memory deficits in adult rats

To examine whether excess formaldehyde induces age-related cognitive decline, the normal adult SD rats were intrahippocampally injected with excess formaldehyde (0.5 mM, the average concentration was detected in the aged rats), then spatial memory behaviors were observed. Excess formaldehyde injection (0.5 mM, i.c.v.) markedly suppressed hippocampal LTP formation ([Fig. 6E, 6F](#f6){ref-type="fig"}). Excess formaldehyde injection induced hippocampal formaldehyde accumulation associated with the initial decline in global DNA methylation after HFS treatment 5 min, and abolished subsequent global DNA re-methylation after HFS treatment 60 min ([Fig. 6G, 6H](#f6){ref-type="fig"}).

Furthermore, intrahippocampal injection with excess formaldehyde (0.5 mM) obviously not only impaired the ability of spatial learning in the adult rats, but also damaged the ability of memory retrieval associated with a decrease in global DNA methylation on day 7. More importantly, the changes in formaldehyde and global DNA methylation in the adult rats injected with excess formaldheyde were similar to the result of the aged rats ([Fig. 6I--6L](#f6){ref-type="fig"}). These data suggest that aging-associated excess formaldehyde impairs spatial memory by blocking DNA methylation. Finally, resveratrol[@b32], a natural formaldehyde scavenger, was applied into hippocampus of the aged rats, we found that resveratrol obviously improved the behavious performance of spatial memory in the aged rats associated with an increase in global DNA methylation ([Fig. 6I--6L](#f6){ref-type="fig"}).

Discussion
==========

In the present study, we found that spatial training induced an initial global DNA demethylation and subsequent re-methylation, and blocking DNA re-methylation led to spatial memory deficits. More importantly, aging-associated excess formaldehyde impairs spatial memory by blocking DNA methylation ([Fig. S1](#s1){ref-type="supplementary-material"}). Our results support that neuronal activity induces DNA demethylation and re-methylation during memory formation.

Emerging evidence has identified that both electroconvulsive stimulation and acute exercise induce a transient global DNA demethylation[@b33]. Electrical stimulation can induce transient DNA to RNA transcription (such as c-fos) in several seconds, and DNA demethylation is required for gene activation[@b34]. This suggests that external stimuli can elicit a transient DNA demethylation. In this study, we also observed that external stimuli (WFS, HFS, Three-HFS and spatial training) elicit initial transient global DNA demethylation and formaldehyde generation in hippocampus ([Fig. 1](#f1){ref-type="fig"}, [2](#f2){ref-type="fig"}). Recent studies suggest that neuronal activity induced by external stimulation can trigger DNA demethylation via NMDA-receptor pathway[@b15][@b16][@b29]. Calcium chelator BAPTA can inhibit DNA demethylation[@b29][@b30]. Similarly, we also found that there was a significant decrease in formaldehyde generation, and a marked inhibition of global DNA demethylation after treatment with BAPTA ([Fig. 5B, 5C](#f5){ref-type="fig"}). Previous studies have shown that inhibition of DNMT activity elicits DNA demethylation in the dividing cancer cells[@b27][@b28], and DNA demethylation leads to formaldehyde generation[@b13][@b31] ([Fig. S2A](#s1){ref-type="supplementary-material"}). We also found that 5-AzA obviously induces DNA demethylation and formaldehyde accumulation in human SY5Y cell lines in several hours.

Whether DNA demethylation occurs in post-mitotic neurons is rarely reported. Recently, however, Levenson and colleagues have found that 5-AzA (a DNA demethylation reagent) obviously induces DNA demethylation of reelin gene (increasing unmethylated DNA and decreasing methylated DNA) in hippocampal slice after adminitration 40 minutes, and this gene is expressed in hippocampal neurons[@b35]. In the present study, 5-AzA treatment elicited global DNA demethylation in hippocampal neurons *in vitro* and hippocampus of rats *in vivo* ([Fig. 5E--5K](#f5){ref-type="fig"}). These data indicate that external stimuli can induce DNA demethylation and formaldehyde generation in post-mitotic neurons. There are multiple pathways of DNA demethylation, such as: direct active process; demethylation; indirect active process: mismatch/excision repair; and passive loss of methyl group[@b13]. However, the exact mechanism that neuroal activity induces DNA demethylation is currently unclear[@b36].

Recent studies have shown that formaldehyde participates in DNA methylation, for DNA-5-methyl-cytosine is a product between formaldehyde and DNA-cytosine (methyl group acceptor)[@b2]. S-Adenosylmethionine-dependent DNMTs catalyze reversible covalent addition of exogenous formaldehyde (as a methyl moiety) to their target residues in DNA, yielding corresponding 5-hydroxymethylcytosine (5 hmC) and 5-methylcytosine (5 mC)[@b14] ([Fig. S2B](#s1){ref-type="supplementary-material"}). DNA methylation is required for memory formation[@b19]. In the present study, we found that external stimuli elevate hippocampal formaldehyde concentration (\~0.08 mM) ([Fig. 1](#f1){ref-type="fig"}). Formaldehyde at 0.08 mM signifcantly enhanced DNMT activity both *in vitro* and *in vivo* ([Fig. 6C, 6D](#f6){ref-type="fig"}). Conversely, scavenging the elevated hippocampal formaldehyde by FDH treatment did not affect DNA demethylation, but obviously blocked global DNA re-methylation, and impaired spatial memory in rats ([Fig. 3](#f3){ref-type="fig"}). Over-expression of FDH (ADH3) in *Drosophila* can induce visual memory loss[@b12]. Especially, knockout of DNMT~1a~ is known to impair LTP and memory[@b17]. Our data along with these reports suggest that \~0.08 mM formaldehyde derived from the initial transient DNA demethyltion induced by external stimuli, may contribute to enhance subsequent DNA re-methylation at least in part via DNMTs.

Endogenous formaldehyde is kept a relative stable level in body, but there is a chronic accumulation of formaldehyde during aging. For example, a formaldehyde generating enzyme, semicarbazide-sensitive amine oxidase (SSAO), SSAO activity is increased in human plasma during aging[@b37], and associated with formaldehyde accumulation[@b38]. A specific formaldehyde degrading enzyme[@b39], ADH3 (FDH), its activity is decreased in human during aging[@b40]. Recent studies show that FDH can scavenge formaldehyde by transferring S-hydroxymenthyl which is a derivative between formaldehyde with GSH[@b5][@b41][@b42]. In the present study, we also found that extracellular FDH reduced hippocampal formaldehyde ([Fig. 3](#f3){ref-type="fig"}). An unspecific formaldehyde degrading enzyme, ALDH2[@b43], its activity is also attenuated in human and diabetic rats during aging[@b44]. We also have found that inhibiting ADH3 or ALDH2 leads to an abnormal high concentration of formaldehyde accumulated in hippocampus in rats[@b10]. Especially, over-expression of ADH3 (a specific formaldehyde degrading enzyme) leads to visual memory decline in *Drosophila*[@b12]. Deficiency of ALDH2 (a unespecific formaldehyde degrading enzyme) induces memory loss in mice[@b9]. Age-related oxidative stress can increase in the content of reactive aldehydes[@b45], including formaldehyde[@b46]. In this study, we found that age-related formaldehyde was over 0.5 mM in the aged rats ([Fig. 6B](#f6){ref-type="fig"}). All these data support that endogenous formaldehyde is accumulated during aging.

In the present study, we found that endogenous formaldehyde participates in spatial memory formation, but during aging process, aging-associated excess formaldehyde blocks global DNA methylation and leads to memory decline. Other reports also show that DNMT activity and global DNA methylation are decreased in brains during aging[@b24]. We found that formaldehyde was over 0.5 mM in the aged rats, and formaldehyde at 0.5 mM (the pathological level) obviously inhibited the DNMTs activity *in vitro* and *in vivo*, but formaldehyde at 0.3 mM (the physiological level for endogenous formaldehyde) did not affect DNMT activity ([Fig. 6C, 6D](#f6){ref-type="fig"}). More importantly, the normal adult rats intrahippocampally injected with this excess formaldehyde (0.5 mM) can imitate the aged-related spatial memory deficits associated with global DNA methylation decline and formaldehyde accumulation ([Fg. 6](#f6){ref-type="fig"}). These data suggest that age-related accumulated formaldehyde (over 0.5 mM) erasues global DNA methylation by inhibiting DNMT activity, and restults in spatial memory deficits. Notably, a natural formaldehyde scavenger-resveratrol[@b32], can rescue the behavior performance of spatial memory in the aged rats by decreasing hippocampal formaldehyde concentration ([Fig. 6I--6L](#f6){ref-type="fig"}). Resveratrol has been considered as a therapeutic agent for neurodegenerative diseases[@b47]. Dietary supplementation with resveratrol can reduce plaque pathology in a transgenic model of Alzheimer\'s disease[@b48]. Our results along with these reports suggest that aging-associated excess formaldehyde is one of the critical pathological factors for cognitive decline in neurodegenerative disease.

Methods
=======

Reagents
--------

All reagents were from Sigma unless otherwise indicated.

Biological samples
------------------

All animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and were approved by the Biological Research Ethics Committee of the Institute of Biophysics, Chinese Academy of Sciences (SYXK2010-127).

### Intracerebroventricular formaldehyde injection

Sprague Dawley (SD) rats were intracerebroventricularly (i.c.v.) injected with formaldehyde (dissolved in normal saline, 0.01 and 0.08 mM, 5 μl, i.c.v. over a period of 5 min), or resveratrol (Res, 0.5 mM, 5 μl). Cannulae placements in brains: 1.4 mm anterior/posterior to bregma; 1.8 mm medial/lateral to the midsagittal suture; 3.0 mm dorsal/ventral from the brain surface.

### Intrahippocampal formaldehyde injection

Sprague Dawley (SD) rats were intrahippocampally injected with formaldehyde (0.08 mM, 1 μl, over a period of 5 min), or resveratrol (Res, 0.5 mM, 1 μl) 30 min before the daily behavioral experiments. Cannulae placements in the dorsal hippocampus: 3.6 mm anterior/posterior to bregma; 2.5 mm medial/lateral to the midsagittal suture; and 2.5 mm dorsal/ventral from the brain surface.

Rat hippocampal neuron and human SY5Y cell lines cultures
---------------------------------------------------------

We prepared primary hippocampal neuron cultures from 18-day old embryos, and cultured human SY5Y cell lines as described previously[@b49]. Mature hippocampal neurons or cultrued media after drugs treatment were collected in order to detect formaldehyde and the activity of DNMTs *in vitro*.

Detection of formaldehyde by Fluo-HPLC
--------------------------------------

Drug-treated medium from cultured hippocampal neurons was collected and immediately placed on ice before storing at −70°C. After centrifugation (3000 rpm, 4°C, 10 min), supernatant fractions of medium samples and brain homogenates (weight of brain tissue: ultrapure water = 1:4) were analyzed by high-performance liquid chromatography with fluorescence detection (Fluo-HPLC) as described[@b10].

Electrophysiological studies *in vivo*
--------------------------------------

Electrophysiological recordings were performed according to our previous reports[@b10]. WFS-LTP *in vivo* LTP was induced using a weak frequency stimulation (WFS) protocol consisting of 20 pulses at 50 Hz.

### HFS-LTP in vivo

LTP was induced using a high frequency stimulation (HFS) protocol consisting of 20 pulses at 100 Hz or 200 Hz.

### L-LTP in vivo

Three pulses of HFS at 5 min intervals were applied to produce a robust late long-term potentiation (L-LTP).

Morris water maze behavioral test
---------------------------------

Spatial memory was assessed by the Morris water maze test, as described previously[@b10]. Sprague Dawley (SD) rats were intrahippocampally injected with FDH (120 μM, 1 μl), or 5-aza-2-deoxycytidine (5-AzA, 60 μM, 1 μl, vehicle (0.001% CH~3~COOH)), or excess formaldehyde (0.5 mM, 1 μl), or resveratrol (Res, 0.5 mM, 1 μl), 30 min before the daily behavioral experiment.

Quantification of global DNA methylation
----------------------------------------

A MethylampTM Global DNA Methylation Quantification Ultra Kit (Epigentek, USA) was used according to the manufacturer\'s instructions to quantify global DNA methylation of genomic DNA in the hippocampus of SD rats.

DNA methyltransferase (DNMT) assay
----------------------------------

Nuclei were extracted from rat hippocampi using an EpiQuik™ nuclear extraction kit (Epigentek, USA). DNA methyltransferase activity was assayed using a DNMT assay kit (Epigentek, USA) according to the manufacturer\'s instructions.

Statistical analysis
--------------------

We determined the statistical significance of *in vivo* data by analysis of variance (one-way ANOVA) followed by unpaired Student\'s *t*-tests; and a repeated measures ANOVA followed by post-hoc analysis was used to determine statistical significance for the Morris water maze experiments. The statistical significance level was set at P \< 0.05. Data are reported as means ± standard errors.
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![Electrical stimuli induce the changes in global DNA methylation status and formaldehyde level in hippocampus of rats during LTP formation.\
(A) High frequency stimulation (HFS) induces long-term potentiation (LTP) formation *in vivo*. (B) Changes in hippocampal FA levels after HFS treatment. (C) HFS treatment induces global DNA demethylation then methylation. (D) Three rounds of HFS treatment (Three-HFS) induce late long-term potentiation (L-LTP) formation *in vivo*. (E) Changes in hippocampal FA levels after Three-HFS treatment. (F) Three-HFS treatment induces global DNA demethylation then methylation. \*\*, *P* \< 0.01.](srep01807-f1){#f1}

![Spatial training induces the changes in global DNA methylation status and formaldehyde level in hippocampus of rats during spatial memory formation.\
(A) Escape latency of the rats with training for 1, 3, and 6 days. (B) Time in target quadrant after probe trial on day 2, 4, and 7, respectively. (C) Changes in hippocampal formaldehyde in rats with training for one day and memory retrieval on day 2. (D) Changes in global DNA methylation on training for one day and memory retrieval on day 2. (E) Changes in hippocampal formaldehyde in rats with training for 3 days and memory retrieval on day 4. (F) Changes in global DNA methylation on training for 3 days and memory retrieval on day 4. (G) Changes in hippocampal formaldehyde in rats with training for 6 days and memory retrieval on day 7. (H) Changes in global DNA methylation on training for 6 days and memory retrieval on day 7. \*, *P* \< 0.05; \*\*, *P* \< 0.01. Sham: home caged rats for spatial training group or memory retrieval group.](srep01807-f2){#f2}

![Scavenging of hippocampal formaldehyde (FA) impairs LTP and spatial memory in SD rats.\
(A) Intracerebroventricular injection with the FA scavenger-FDH (120 μM, 5 μL, i.c.v.) impairs hippocampal LTP *in vivo*. (B) Injection with FDH alone obviously reduces hippocampal FA levels detected at 65th and 125th min (^\#\#^, *P* \< 0.01). HFS (saline, 5 μL, i.c.v.) treatment induces an elevation in FA levels at 65th min (\*\*, *P* \< 0.01). HFS with FDH injection decreases FA levels detected at 65th min (^\$\$^, *P* \< 0.01). (C) Injection with FDH alone blocks global DNA methylation detected at 125th min (^\#\#^, *P* \< 0.01). HFS treatment induces global DNA demethylation and re-methylation (\*\*, *P* \< 0.01). HFS with FDH injection blocks global DNA re-methylation detected at 125th min (^\$\$^, *P* \< 0.01). (D, E) Intrahippocampal injection with only saline or FDH (120 μM, 1 μL, over a 5 min period) affects the ability of spatial learning and memory retrieval in rats. (F) Injection with FDH blocks the global DNA re-methylation on day 7. \*\*, *P* \< 0.01; ^\$\$^, *P* \< 0.01; ^\#\#^, *P* \< 0.01. Sham: home caged rats.](srep01807-f3){#f3}

![Blocking DNA methylation impairs LTP and spatial memory in SD rats.\
(A) Injection with only vehicle (0.001% CH~3~COOH) or 5-AzA (60 μM, 5 μL, i.c.v.) affects hippocampal LTP *in vivo*. (B) Injection with 5-AzA alone increases hippocampal FA levels detected at 65th and 125th min (^\#\#^, *P* \< 0.01). HFS treatment induces FA levels elevation then decline (\*\*, *P* \< 0.01). HFS with 5-AzA injection increases FA levels detected at 65th and 125th min (^\$\$^, *P* \< 0.01). (C) Injection with 5-AzA alone reduces global DNA methylation detected at 65th and 125th min (^\#\#^, *P* \< 0.01). HFS treatment induces global DNA demethylation and re-methylation (\*\*, *P* \< 0.01). HFS with 5-AzA injection reduced global DNA re-methylation detected at 65th and 125th min (^\$\$^, *P* \< 0.01). (D, E) Intrahippocampal injection with only solvent or 5-AzA (60 μM, 1 μL, over a 5 min period) affects the ability of spatial learning and memory retrieval in rats. (F) 5-AzA injection markedly reduces global DNA re-methylation on day 7. \*\*, *P* \< 0.01; ^\$\$^, *P* \< 0.01; ^\#\#^, *P* \< 0.01. Sham: home caged rats.](srep01807-f4){#f4}

![Excess formaldehyde (FA) is accumulated in hippocampus of the SD rats during aging.\
(A) The proposed model of NMDA-induced Ca^2+^ influx and DNA demethylation associated FA generation. (B) NMDA induces a time-dependent FA generation, BAPTA (Ca^2+^ chelator) inhibited NMDA-induced the production of FA. (C) BAPTA (Ca^2+^ chelator) blocks HFS-induced global DNA demethylaiton. (D) The formaldehyde generation was positively correlated with global DNA demethylation after electrical stimulation or spatial training *in vivo*. (E) The proposed model of DNA demethylation induced by 5-AzA (an inhibitor of DNMTs). (F) 5-AzA induces FA generation in the cultured medium of hippocampal neurons within 30, 60 minutes. (G, H) Intrahippocampal injection with 5-AzA obviously induces the changes including: global DNA methylation decline, FA generation, and DNMT activity decline in hippocampus of rats. (I, J, K) 5-AzA treatment induces FA generation, DNMT activity decline, and global DNA methylation decline in human neuroblastoma SY5Y cell lines. (L) The formaldehyde generation was negatively correlated with the decrease in global DNA methylation levels *in vitro*. \*\*, *P* \< 0.01.](srep01807-f5){#f5}

![Excess formaldehyde (FA) impairs both hippocampal LTP and spatial memory in normal adult SD rats.\
(A) Global DNA methylation is decline in hippocampus of rats during aging. (B) FA is accumulated in hippocampus of rats during aging. (C, D) The effects of different concentrations of FA on DNMT activity i*n vitro* and *in vivo*. (E, F) Excess formaldehyde (0.05 mM, i.c.v.) suppresses hippocampal long-term potentiation (LTP) *in vivo*. (G) Injection with only saline or excess FA alone affects hippocampal FA levels detected at 65th and 125th min (^\#\#^, *P* \< 0.01). HFS treatment induces an elevation in FA levels at 65th min (\*\*, *P* \< 0.01). HFS with FA injection increases FA levels detected at 65th and 125th min (^\$\$^, *P* \< 0.01). (H) Injection with FA alone reduces global DNA methylation detected at 125th min (^\#\#^, *P* \< 0.01). HFS treatment induces global DNA demethylation and re-methylation (\*\*, *P* \< 0.01). HFS with FA injection blocks global DNA re-methylation detected at 125th min (^\$\$^, *P* \< 0.01). (I) Intrahippocampal injection with only saline or excess FA or resveratrol (Res) (0.5 mM, 1 μL, over a 5 min period) affects the ability of spatial learning in the adult or aged rats. (J) Intrahippocampal injection with resveratrol (Res) rescues the impairments of the ability of spatial memory retrieval on day 7 in the aged rats. (K) Intrahippocampal injection with resveratrol (Res) reduces excess hippocampal FA in the aged rats. (L) Intrahippocampal injection with resveratrol rescues global DNA methylation decline in hippocampus of aged rats. T-adult: the adult rats with spatial training; T-adult-FA: the adult rats with spatial training and excess FA injection; T-aged: the aged rats with spatial training; Sham: home caged rats. T-aged-Res: the aged rats with spatial training and resveratrol injection. \*\*, *P* \< 0.01; ^\$\$^, *P* \< 0.01; ^\#\#^, *P* \< 0.01.](srep01807-f6){#f6}
